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sWitch con?gured to sWitch the phase detectors betWeen the 
sensors at a pre-determined switching interval. The system 
further includes a calibration module coupled to the phase 
detectors, Wherein the calibration module is con?gured to 
receive and process the respective voltage from the at least 
tWo phase detectors to generate respective calibrated voltage 
signals, Wherein the calibration module is further con?gured 
to and match the calibrated voltage signals of each of the 
phase detectors. 
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SYSTEMS AND METHODS FOR ONLINE 
PHASE CALIBRATION 

BACKGROUND 

The invention relates generally to phase calibration sys 
tems and methods and more speci?cally, to phase calibration 
in sensor systems employed for measuring clearance. 

Various types of sensor systems have been used to measure 
the distance betWeen tWo objects. One of such sensor systems 
includes a capacitance probe employed to measure distance 
betWeen tWo objects. The probe is located on one of the 
objects and measures a capacitance With respect to the other 
object for estimating the clearance betWeen the tWo objects. 
Unfortunately, existing direct measurement techniques 
employing a single probe for a single target object can be 
relatively inaccurate Where the target object changes its 
geometry during the course of measurement. For example, in 
a rotating component, such as a turbine blade, the geometry 
and position of the blade may change depending on various 
conditions. Such changes may result in a drift in the calibra 
tion of the probe. 

There are several techniques that are currently used for 
phase calibration of the sensor systems. A commonly used 
technique is a “factory calibration” approach. The factory 
calibration is utiliZed to measure and control variability 
betWeen parts. Some of the calibration techniques include 
injection of a knoWn phase reference, and calibrating the 
system based on a phase to voltage conversion of a phase 
detector. HoWever, phase references pose a challenge in sys 
tems that require very high accuracy such as, but not limited 
to, 0.1 degree. Moreover, factory calibration techniques are 
employed prior to installation of the sensor system and are not 
adapted to online phase calibration. 

Another commonly used technique for calibration of a 
phase detector in a clearance sensor system includes subject 
ing a sensor to a controlled clearance change, and measuring 
a gain of the system as a response to the clearance change. 
HoWever, this technique requires exhaustive calibration 
steps. Furthermore, the technique does not take into account 
variations that occur after the system leaves the factory. 

Accordingly, there is a need for an improved method of 
phase calibration that addresses one or more aforementioned 
issues. 

BRIEF DESCRIPTION 

In accordance With an embodiment of the invention, a 
system for online relative phase calibration is provided. The 
system includes at least one excitation source con?gured to 
generate multiple excitation signals. The system also includes 
at least tWo sensors coupled to respective ones of the at least 
one excitation source via a transmission line, Wherein the tWo 
sensors are con?gured to receive respective ones of the exci 
tation signals. The system further includes at least tWo phase 
detectors con?gured to receive at least tWo incident and tWo 
re?ected signals from the tWo sensors via the transmission 
line, Wherein each of the tWo phase detectors are con?gured 
to output a respective voltage representing a phase difference 
betWeen respective ones of the re?ected signals and respec 
tive ones of the excitation signals. The system also includes a 
sWitch coupled to the sensors and the phase detectors, the 
sWitch con?gured to sWap the phase detectors betWeen the 
sensors at a pre-determined sWitching interval, or in response 
to a calibration request signal. The system further includes a 
calibration module coupled to the phase detectors, Wherein 
the calibration module is con?gured to receive and process 
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2 
the respective voltage from the at least tWo phase detectors to 
generate respective calibrated voltage signals, Wherein the 
calibration module is further con?gured to and match the 
calibrated voltage signals of each of the phase detectors. 

In accordance With another embodiment of the invention, a 
system for online absolute phase calibration is provided. The 
system includes an excitation source con?gured to generate a 
plurality of excitation signals at multiple frequencies. The 
system also includes a phase shifter coupled to the excitation 
source, Wherein the phase shifter is con?gured to introduce 
different phase shifts in respective ones of the excitation 
signals to generate multiple phase shifted excitation signals. 
The system further includes a phase detector con?gured to 
receive the excitation signals and the respective phase shifted 
excitation signals and output multiple voltages representing 
the different phase shifts. The system also includes a proces 
sor con?gured to determine a phase to voltage transfer func 
tion for the phase detector based upon the voltages and the 
different phase shifts. 

In accordance With another embodiment of the invention, a 
system for online absolute phase calibration is provided. The 
system includes an excitation source con?gured to generate 
multiple excitation signals at respective frequencies. The sys 
tem also includes a sensor coupled to the excitation source via 
a transmission line, Wherein the sensor is con?gured to 
receive the excitation signals. The system further includes a 
phase detector coupled to the sensor and con?gured to receive 
multiple re?ected signals from the sensor corresponding to 
respective ones of the excitation signals and output a voltage 
representing a phase difference betWeen respective ones of 
the re?ected signals and of the excitation signals. The system 
also includes a processor con?gured to calculate the phase 
difference based upon each of the frequencies and a length of 
the transmission line; and determine a phase to voltage trans 
fer function for the phase detector based upon the phase 
difference calculated and the voltage output. 

In accordance With another embodiment of the invention, a 
method for online relative phase calibration is provided. The 
method includes generating a plurality of excitation signals. 
The method also includes transmitting respective ones of the 
excitation signals to at least tWo sensors. The method further 
includes re?ecting the respective excitation signals from the 
sensors. The method also includes performing multiple phase 
measurements to generate multiple voltages via at least tWo 
phase detectors, Wherein each of the voltages represent a 
phase difference betWeen the excitation signals re?ected and 
the excitation signals transmitted. The method further 
includes sWitching a coupling of each of the sensors betWeen 
the phase detectors at a pre-determined sWitching interval. 
The method also includes matching the voltage obtained for 
each of the sensors at the phase detectors to calibrate the 
phase detectors. 

In accordance With another embodiment of the invention, a 
method for online absolute phase calibration is provided. The 
method includes generating a plurality of excitation signals at 
respective frequencies. The method also includes transmit 
ting the excitation signals via a transmission line. The method 
further includes receiving and re?ecting the excitation signals 
via a sensor. The method also includes performing a plurality 
of phase measurements to generate a plurality of voltages via 
a phase detector, each of the voltages representing a phase 
difference betWeen the excitation signal re?ected and the 
excitation signal transmitted at a respective one of the fre 
quencies. The method also includes calculating the phase 
difference based upon the frequencies and a length of the 
transmission line. The method further includes determining a 
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phase to voltage transfer function for the phase detector based 
upon the phase difference calculated and the voltage output. 

DRAWINGS 

These and other features, aspects, and advantages of the 
present invention Will become better understood When the 
following detailed description is read With reference to the 
accompanying draWings in Which like characters represent 
like parts throughout the draWings, Wherein: 

FIG. 1 is a schematic illustration of a system for online 
relative phase calibration including a calibration module in 
accordance With embodiments of the invention; 

FIG. 2 is a schematic illustration of the calibration module 
in FIG. 1; 

FIG. 3 is a schematic illustration of an online absolute 
phase calibration system in accordance With embodiments of 
the invention; 

FIG. 4 is a schematic illustration of another exemplary 
system for online absolute phase calibration in accordance 
With embodiments of the invention; 

FIG. 5 is a ?oW chart representing steps in an exemplary 
method for online relative phase calibration in accordance 
With embodiments of the invention; and 

FIG. 6 is a ?oW chart representing steps in an exemplary 
method for online absolute phase calibration in accordance 
With embodiments of the invention. 

DETAILED DESCRIPTION 

As discussed in detail beloW, embodiments of the invention 
include a system and method for phase calibration of phase 
detectors. As used herein, the term ‘phase calibration’ refers 
to calibration of phase detectors employed in applications 
such as, but not limited to, clearance measurement, for 
example clearance measurement for turbine blades. More 
speci?cally, a relative calibration technique and absolute 
phase calibration techniques have been disclosed. A phase-to 
voltage transfer function is determined in the absolute cali 
bration techniques, While a determination of the phase-to 
voltage transfer function is not necessary for the relative 
calibration technique. The term ‘phase-to-voltage transfer 
function’ refers to a function relating voltage to a correspond 
ing phase difference in a circuit. The phase detectors include 
electrical output such as, but not limited to, current and volt 
age. 

FIG. 1 is a schematic illustration of a system 10 for online 
relative phase calibration. The system 10 includes at least one 
excitation source 12 that generates excitation signals 14. The 
excitation source 12 includes, but is not limited to, a voltage 
controlled oscillator, a non-controlled oscillator, or a radio 
frequency (RF) excitation source. In the illustrated embodi 
ment, the excitation source 12 includes a voltage controlled 
oscillator. The excitation signals 14 are incident upon a load 
16 via a transmission line 18 of a length represented by 
reference numeral 20. In a particular embodiment, the load 1 6 
is a sensor such as a capacitive probe. The excitation signals 
14 may also be referred to as incident signal 14. The load 16 
re?ects a part of the excitation signal 14 due to an impedance 
mismatch betWeen an impedance of the load 16 and a char 
acteristic impedance of the transmission line 18. Conse 
quently, this results in generation of a re?ected signal 22. The 
re?ected signal 22 is a function of re?ection coef?cient that is 
de?ned as a function of mismatch betWeen the characteristic 
impedance of the transmission line 18 and impedance of the 
load 16. The re?ection coef?cient is given by: 
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(1) 

Wherein Z1 is the impedance of the load 16, and Z0 is the 
characteristic impedance of the transmission line 18. The 
re?ection coe?icient modulates the phase of the re?ected 
signal 22. The re?ected signal 22 also incurs a phase delay 
due to length 20 of the transmission line 18. This results in a 
total phase difference that is measured during operation. 

In the illustrated example, a phase detector 24 receives the 
re?ected signal 22 after passing through a bidirectional cou 
pler 26. The bidirectional coupler 26 enables independent 
sampling of the incident signal 14 and the re?ected signal 22. 
The phase detector 24 receives the incident signal 14 and the 
re?ected signal 22 to output a voltage representative of a 
phase difference betWeen the re?ected signal 22 and the inci 
dent signal 14. A calibration module 28 is coupled to the 
phase detector 24 to calibrate measurements obtained from at 
least tWo such loads 16. 

FIG. 2 is a schematic representation of an exemplary online 
relative phase calibration system 40 including the calibration 
module 28 in FIG. 1. Signal 42 output from a forWard channel 
46 that represents measurements obtained from a ?rst sensor 
or load (FIG. 1) and signal 44 output from a setback channel 
48 that represents measurements obtained from a second 
sensor or load (FIG. 1), are transmitted to a ?rst phase detec 
tor 50 and a second phase detector 52. In the illustrated 
example, a sWitch 53 coupled to the forWard channel 46 and 
the setback channel 48 sWitches the signals 42 and 44 at a 
pre-determined switching interval or in response to a calibra 
tion request signal. In one embodiment, the sWitch 53 is a 
radio frequency sWitch transmitting multiple radio frequency 
signals in a desired range. Signals 54 and 56 output from the 
?rst phase detector 50 and the second phase detector 52 
respectively are passed through the calibration module 28. 
For the illustrated example, the calibration module 28 
includes at least tWo calibration circuits 58, 59 coupled to 
respective phase detectors 50, 52 that calibrate the phase 
detectors 50, 52, so as to obtain the same value of output 
voltage under calibration conditions. It Will be appreciated 
that although tWo calibration circuits have been illustrated 
herein, the calibration module 28 may include other numbers 
of calibration circuits. For the illustrated example, each of the 
calibration circuits 58 includes a level shifter 60 that subtracts 
a DC component from the signals 54 and 56 respectively to 
result in a signal 62.An ampli?er 64 ampli?es the signal 62 to 
output a signal 66 that is further input into an analog-to-digital 
converter 68 that converts the signal 66 to a digital calibrated 
signal 70. The analog-to-digital converter 68 outputs the cali 
brated voltage 70 into a signal level analyZer 72. A voltage 
signal 74 output from the signal level analyZer 72 is further 
sent to a control 76 coupled to the sWitch 53. The control 76 
controls the sWitching of the signals 42 and 44 betWeen the 
?rst phase detectors 50 and the second phase detector 52 
based upon the voltage signal 74. In case of a discrepancy in 
the voltage signal 74 obtained from one of the tWo calibration 
circuits 58, 59, the gain is adjusted to match the respective 
voltage signals 74. In a particular embodiment, the gain is 
adjusted via a digital multiplier. 

FIG. 3 is a schematic representation of an online absolute 
phase calibration system 90 including a phase shifter 92. The 
system 90 includes an excitation source 94 that generates 
multiple excitation signals 96 at multiple frequencies. The 
excitation source 12 includes, but is not limited to, a voltage 
controlled oscillator, a non-controlled oscillator, or a radio 
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frequency (RF) excitation source. In the illustrated embodi 
ment, the excitation source is a voltage controlled oscillator 
94 that is controlled in multiple steps of frequency. The sig 
nals 96 pass through the phase shifter 92 that introduces 
different phase shifts into respective signals 96 to generate 
multiple phase-shifted excitation signals 98. The signals 96 
originating from the voltage controlled oscillator and the 
phase shifted signals 98 are input into a phase detector 100. 
The phase detector 100 outputs voltages 102 representative of 
the different phase shifts introduced. A processor 104 is 
coupled to the phase detector 100 to determine a correspond 
ing phase-to-voltage transfer function for the phase detector 
100 based upon the voltages measured and the different phase 
shifts. 

It should be noted that the present invention is not limited 
to any particular processor for performing the processing 
tasks of the invention. The term “processor,” as that term is 
used herein, is intended to denote any machine capable of 
performing the calculations, or computations, necessary to 
perform the tasks of the invention. The term “processor” is 
intended to denote any machine that is capable of accepting a 
structured input and of processing the input in accordance 
With prescribed rules to produce an output. It should also be 
noted that the phrase “con?gured to” as used herein means 
that the proces sor is equipped With a combination of hardWare 
and softWare for performing the tasks of the invention, as Will 
be understood by those skilled in the art. 

In a particular embodiment, a controller 106 is coupled to 
the phase shifter 92 to correct a shift in phase occurring due to 
a delay introduced by at least one of multiple electronic 
components, leads and a transmission line in a circuit, 
enabling the calibration measurement to occur at a predeter 
mined phase difference setpoint. The controller 106 may be a 
controlled voltage source used to adjust characteristics of the 
phase shifter 92. 

In a particular embodiment, a controller 106 is coupled to 
the phase shifter 92 to induce a change in the shift in phase. 
This enables a variable phase shift to be applied, and the 
resulting phase output to be measured as a function of phase 
difference, and a phase to voltage transfer function is com 
puted. The controller 106 may be a variable voltage source 
such as a square Wave source Where the levels of the square 
Waves are result in different phase shifts in the phase shifter 
92. 

FIG. 4 is a schematic illustration of another exemplary 
system 120 for online absolute phase calibration. The system 
120 includes an excitation source, such as, but not limited to, 
a voltage controlled oscillator 122, as illustrated herein, that 
generates multiple excitation signals 124 at respective fre 
quencies. The excitation signals 124 are incident upon a load 
126 via a transmission line 128 of a length represented by 
reference numeral 130. In a particular embodiment, the load 
126 is a sensor such as a capacitive probe. The excitation 
signals 124 may also be referred to as incident signals 124. 
The load 126 re?ects a portion of the excitation signal 124 due 
to an impedance mismatch betWeen an impedance of the load 
126 and a characteristic impedance of the transmission line 
128. Consequently, this results in generation of re?ected sig 
nals 132. A phase detector 134 receives the re?ected signals 
132 after passing through a bidirectional coupler 136. The 
bidirectional coupler 136 enables independent sampling of 
the incident signals 138 and the re?ected signals 132. The 
phase detector 134 receives the incident signals 124 and the 
re?ected signals 132 to output voltages representative of a 
phase difference betWeen the re?ected signals 132 and the 
incident signals 124. A processor 138 is coupled to the phase 
detector 134 to calculate mathematically the phase difference 
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6 
based upon each of the frequencies and a length of the trans 
mission line 128. A phase-to-voltage transfer function is fur 
ther determined for the phase detector 134 based upon the 
phase difference calculated and the voltage measured. This 
phase to voltage transfer function represents a gain of the 
phase detector 134 as a function of various phase differences, 
and is therefore capable of not just correcting for overall gain 
of the phase-to-voltage process, but also any non-linearity of 
a response. A digital signal level based multiplier may be used 
to apply the correction. 

FIG. 5 is a ?oW chart representing steps in an exemplary 
method 150 for online relative phase calibration. The method 
150 includes generating multiple excitation signals in step 
152. In a particular embodiment, the excitation signals are 
radio frequency excitation signals. Respective excitation sig 
nals are transmitted to at least tWo sensors in step 154. Fur 
ther, the respective excitation signals are re?ected from the 
sensors in step 156. Multiple phase measurements are per 
formed by generating multiple voltages via at least tWo phase 
detectors, Wherein each of the voltages represent a phase 
difference betWeen the excitation signals re?ected and the 
excitation signals transmitted in step 158. A coupling of each 
of the sensors is sWitched betWeen the phase detectors at a 
pre-determined sWitching interval in step 160. The steps 154, 
156, and 158 are repeated successively to form steps 162, 164, 
and 166 respectively. The voltages obtained in steps 158 and 
166 are matched for each of the sensors at the phase detectors 
to calibrate the phase detectors in step 168. In one embodi 
ment, a gain for each of the phase detectors is adjusted to 
match the voltages. In another embodiment, the sWitching is 
performed at one or more radio frequencies. 

FIG. 6 is a ?oW chart representing steps in an exemplary 
method 180 for online absolute phase correction. The method 
180 includes generating multiple excitation signals at respec 
tive frequencies in step 182. In a particular embodiment, the 
excitation signals are radio frequency excitation signals. In 
the illustrated embodiment, the excitation signals are trans 
mitted via a transmission line in step 184. Further, the exci 
tation signals are received and re?ected via a sensor in step 
186. Multiple phase measurements are performed in step 188 
to generate multiple voltages via a phase detector, Wherein 
each of the voltages represent a phase difference betWeen the 
excitation signals re?ected and the excitations signals trans 
mitted at a respective one of the frequencies. The phase dif 
ference measured by the phase detector is a combination of 
the phase difference induced by time delay of the signal 
propagation in the transmission line, and re?ection coe?i 
cient due to the termination impedance seen at the end of the 
transmission line. By selecting times When the termination 
impedance is not changing, the phase difference produced 
due to other factors such as, but not limited to, cable length 
and frequency can be isolated. A theoretical phase difference 
is calculated in step 190 based upon the frequencies and a 
length of the transmission line. A phase-to-voltage transfer 
function is determined in step 192 for the phase detector 
based upon the phase difference calculated and the voltages 
generated at the phase detector. The phase to voltage transfer 
function represents a gain of the phase detector as a function 
of various phase differences, and is therefore capable of not 
just correcting for overall gain of the phase-to-voltage pro 
cess, but also any non-linearity of a response. 
The various embodiments of systems and methods for 

online phase calibration described above thus provide a Way 
to accurately calibrate electronics during operation. These 
techniques and systems also alloW for online phase calibra 
tion Without utiliZing an absolute phase reference. In addi 



US 7,994,800 B2 
7 

tion, the present techniques provide accurate output indepen 
dent of drifts due to component aging, temperature, and other 
environmental effects. 
Of course, it is to be understood that not necessarily all 

such objects or advantages described above may be achieved 
in accordance With any particular embodiment. Thus, for 
example, those skilled in the art Will recogniZe that the sys 
tems and techniques described herein may be embodied or 
carried out in a manner that achieves or optimiZes one advan 
tage or group of advantages as taught herein Without neces 
sarily achieving other objects or advantages as may be taught 
or suggested herein. 

Furthermore, the skilled artisan Will recogniZe the inter 
changeability of various features from different embodi 
ments. For example, the use of an example of a radio fre 
quency sWitch described With respect to one embodiment can 
be adapted for use With a calibration module including four 
calibration circuits described With respect to another. Simi 
larly, the various features described, as Well as other knoWn 
equivalents for each feature, can be mixed and matched by 
one of ordinary skill in this art to construct additional systems 
and techniques in accordance With principles of this disclo 
sure. 

While only certain features of the invention have been 
illustrated and described herein, many modi?cations and 
changes Will occur to those skilled in the art. It is, therefore, to 
be understood that the appended claims are intended to cover 
all such modi?cations and changes as fall Within the true spirit 
of the invention. 

The invention claimed is: 
1. A system for online absolute phase calibration compris 

ing: 
an excitation source con?gured to generate a plurality of 

excitation signals at respective frequencies; 
a sensor coupled to the excitation source via a transmission 

line, the sensor con?gured to receive the excitation sig 
nals; 

a phase detector coupled to the sensor and con?gured to: 
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receive a plurality of re?ected signals from the sensor 

corresponding to respective ones of the excitation sig 
nals; and 

output a voltage representing a phase difference betWeen 
respective ones of the re?ected signals and of the exci 
tation signals; and 

a processor con?gured to: 
calculate the phase difference based upon each of the fre 

quencies and a length of the transmission line; and 
determine a phase to voltage transfer function for the phase 

detector based upon the phase difference calculated and 
the voltage output. 

2. The system of claim 1, Wherein the frequencies corre 
spond to integer multiples of Wavelength Within a length of 
the transmission line resulting in a repeated value of the phase 
difference. 

3. The system of claim 1, Wherein the sensor comprises a 
capacitive probe. 

4. The system of claim 1, Wherein the excitation source 
comprises a voltage controlled oscillator. 

5. A method for online absolute phase calibration compris 
ing: 

generating a plurality of excitation signals at respective 
frequencies; 

transmitting the excitation signals via a transmission line; 
receiving and re?ecting the excitation signals via a sensor; 
performing a plurality of phase measurements to generate 

a plurality of voltages via a phase detector, each of the 
voltages representing a phase difference betWeen the 
excitation signal re?ected and the excitation signal 
transmitted at a respective one of the frequencies; 

using a processor to calculate a phase difference based 
upon the frequencies and a length of the transmission 
line; and 

using a processor to determine a phase to voltage transfer 
function for the phase detector based upon the calculated 
phase difference and the voltage output. 

6. The method of claim 5, Wherein the excitation signals 
comprise radio frequency excitation signals. 

* * * * * 


